Introduction
The United States Geological Survey (USGS) 1 is collaborating with CQ Inc. a coal research laboratory in Homer City Pennsylvania, to better understand how modes of occurrence of elements in coal affect partitioning of elements during physical cc^l cleaning. Previous work (Raleigh and others, 1998; Palmer and others, 1997, 19S3, 2000) describes semi-quantitative methods for determining modes of occurrence of elements in coal or coal-cleaning separates. The eventual goal of this collaborative project is to develop models for predicting the removal efficiency of potentially toxb trace elements from a variety of coals from different US coal basins during commercial coal cleaning operations. Herein, we report on the modes of occurrence of 20 elements in a sample collected from an eastern Kentucky coal bed from the Addington Energy Inc (AEI)'s White Creek mine in Martin County, in the central Appalachian Basin. Th:"=? coal sample is believed to be a run of mine Broaz Seam coal shipped by barge and collected by personnel at Tennessee Valley Authority's Widow's Creek Fossil Plant barge unloading facilities.
The overall goal of this project is to assess the technical and economic potential for using the most promising advanced coal cleaning technologies to reduce emissions of mercury and other hazardous air pollutants (HAPs) when coal is burned. The objectives included: (1) obtaining semi-quantitative information on trace element modes of occurrence in the sample; and (2) assembling the information in a form that can be used by industry to enhance the potential of coal cleaning technologies for reduc:ng hazardous air pollutants (HAPs). Previous work funded by EPRI and DOE concentrated on understanding the effectiveness of removing Hg and other HAPs-forming elenents from bituminous coal feedstocks that are currently being cleaned (Northern Appalachian Basin, the Southern Appalachian basin, the Illinois basin) (Palmer and others, 1£97a) and the Powder River basin subbituminous coal that is not currently being cleaned. These previous studies included samples of feed stock coal, coal from various coalcleaning streams and simulated cleaned coal.. This previous work indicated that the success of using physical coal cleaning techniques to reduce the potential HAP'? emissions was highly dependent on: 1) understanding the modes of occurrence of trace elements in coal including what minerals are present and what trace elements are associated with these minerals and applying appropriate cleaning procedures; 2) liberatation of discrete particles of trace element-bearing mineral matter includinp mineral size and associations; and 3) type, amount, and level of intensity of physical treatment. This paper provides data on the modes of occurrence of 20 element?, including all those considered as potential HAPs. This data will be used to develop models to determine the most effective coal cleaning procedures for specific
Methods

Sequential Leaching
The sequential selective leaching procedure used in this study is similar to that described by Palmer and others (1993) , which was modified from that of Finkelrr^n and others (1990) . Duplicate 5 g samples were sequentially leached with 35 ml each of 1N ammonium acetate (CH3COONH4), 3N hydrochloric acid (HCI), concentrated hydrofluoric acid (HF; 48 percent), and 2N (1:7) nitric acid (HNOs). Ammonium rcetate removes elements bonded onto exchangeable sites, water-soluble compounds, and some carbonates. HCI dissolves carbonates, iron oxides, monosulfides and sorm chelated organic compounds. HF solublizes silicates, and nitric acid dissolves disulfides, especially pyrite. For the first three leaching stages (CH3COONH4, HCI, and HF), each sample was shaken in conical bottom 50 ml polypropylene tubes for 18 hours on a Burrell2 wrist action shaker. Because of gas formation during some of the leaching steps, it is necessary to enclose each tube in double polyethylene bags each 2Use of trade names and trademarks in this publication is for descriptive purposes only &nd does not constitute endorsement by the U. S. Geological Survey: ! ' ' Vi< , ! ' ' ' (.-: closed with plastic coated wire straps. The bags allow gas to escape, but prevent the release of liquid. The HNO3 leach was carried out in an Erlenmeyer flask similar to the method for the determination of pyritic sulfur (ASTM, 2001 a) . We have found that this "flask method" is more effective at dissolving pyrite than shaking in tubes, because the partially demineralized coal resulting from the first three leaches has a very low density and forms a protective layer of sediment above the pyrite concentrated at the bottom of the conical tubes. Approximately 0.5 g of residual solid was removed from each t ibe for instrumental neutron activation analysis (INAA) and cold vapor atomic absorption analysis (CVAA) for mercury. Leachate solutions were saved for analyzed by inductively coupled argon plasma-atomic emission spectrometry (ICP-AES) and inductively coupled argon plasma-mass spectrometry (ICP-MS).
Scanning Electron Microscope (SEM) and Microprobe Analysis
-Coal pellet casting and polishing
The pellet formation procedure follows the ASTM D2797-85 (ASTM, 2001 b) technique for anthracite and bituminous coal, as modified by Pontolillo and Stanton (1994) . The casting procedure impregnates, under pressure, approximately 7-8 g of 20 (850|xm) or 60 mesh (250|xm) crushed sample with Armstrong C4 epoxy. The resultant mold is cured overnight at 60E C. The 2.5 cm diameter circular pellet block is grc'ind and polished using ASTM D2797-85 procedure (ASTM, 2001 b) as modified by Pontolillo and Stanton (1994) . The epoxy-coal pellet is first ground with a 15-jxm -diamond platen and then 600-grit SiC paper until flat and smooth. Rough polishing is done with 1 jam alumina and final polishing is completed with 0.06-jam-colloidal silica.
-SEM analysis.
A JEOL-840 scanning electron microscope (SEM) equipped with a Princetcn Gamma-Tech, energy-dispersive X-ray analytical system (EDX) and/or an ETEC Autoscan SEM with a Kevex EDX, was used for SEM examination of the coal. Mineral identifications inferred from morphology, and major-element composition of grains. Both secondary electron imaging (SEI) and backscattered electron imaging (BSE) modes were used in coal characterization. The BSE mode is especially sensitive to variation in mean atomic number and is useful for determining within-grain compositional variation. By optimizing the BSE image, the presence of trace phases containing elements with high-atomic number can be revealed. Samples were scanned initially to obtain an overall view of the phases present. This was followed by a series of overlapping traverses in which the relative abundance of the phases was assessed. EDX analysis provides information on elements having concentrations at roughly the tenth-of-percent level or greater. Typically, operating conditions for SEM analysis are: accelerating potential of 10-30 kV, magnifications of ~50-> 10,000 times and working distances ranging from 15 to 20 mm (ETEC Autoscan) and 15, 25, . The advantage of the conventional SEM methods over automated, computercontrolled SEM is that the operator can select appropriate phases for analysis by EDX and can apply instantaneous interpretation of the textural relations of the phases being analyzed.
-Electron microprobe analysis.
A fully-automated, 5 spectrometer microprobe instrument (JEOL JXA 8900R Superprobe) was used to quantitatively determine element concentrations in pyrite by the wavelength-dispersive technique. In our preliminary microprobe analysis of pyrite the following elements were measured: Fe, S, As, Ni, Cu, Zn, Se, and Co. Natural and synthetic standards were used. A beam current used of 3.0 xlCT8 amps and a voltage of 20 KeV was used in the determinations. The probe diameter was set as a focused beam; the actual working diameter was about 3 micrometers. In this study, the minimum detection limit for microprobe analysis of trace elements was about 100 ppm, using counting times of 60 seconds for peak and 30 seconds for upper and lowe~ background. Counting statistics have a large uncertainty as the detection limit is approached. For Co (only), the detection limit is about 700 ppm (0.07 weight percent) due to an interference with Fe giving a constant background in pyrite of 700-800 ppm. Results for Co shown in Appendix 2 are background-corrected. Microprobe data are shown in Appendix 2.
X-Ray Diffraction Analysis
To obtain semi-quantitative information on the minerals present in the coal a split of the sample was low-temperature (<200° C) ashed. Duplicate samples of lowtemperature ash were pressed into pellets and analyzed using an automated X-ray diffractometer. Diffraction of Cu Ka X-rays was measured over the interval from 4° to 60° 20. Counts were collected for 0.5 seconds per step (0.02 degrees). The dat^ were processed using a computer program for semi-quantitative mineral analysis by X-ray diffraction (Hosterman and Dulong, 1985) .
Results and Discussion
SEM and Microprobe Analysis
1-SEM Analysis of Raw Coal
SEM analyses show that the major minerals in the eastern Kentucky coal (kaolinite, illrte, and quartz) were generally present as large quartz/clay intergrowths in some cases more than 100 microns in their largest dimension (Table 1) . Subhedral and frambodial pyrite, including some particles larger than 10 microns and calcite were present, but not very abundant. A crandelrte group mineral (goyazite?; see appendix 1) was commonly observed, but Fe oxide and barite rare. In addition, rutile or anatese (grains analyzed as Ti only) was found in the raw coal as micron to several micron-sized particles commonly in quartz/clay intergrowths.
2-SEM Analysis of Leached Residue
Two hundred and six (206) mineral grains were analyzed by SEM. These grains ranged in size from less than a micron to 10 microns in the leached residue (material remaining after sequential leaching). In order to estimate the percent of residual minerals present, the area of the mineral grains were estimated by assuming either a rectangular or circular shape. This analysis showed that the composition of 85 percent of the mineral grains analyzed, representing about two thirds of the total area of these mineral grains, were TiC>2. Figure 1 shows an area of unusually high concentration of mineral matter in one of the leached residue pellets. Except for two zircon grains, all particles on figure 1 b were TiO2 grains. Most of these were elongated grains, typical of rutile. Both rutile and zircon are resistant tot the leaching process. Generally, as can be seen in figure 1a there is very little mineral matter present in the residual sample. Four percent of the particles examined, ranging in size from sub-micron to 10 microns (representing 26 percent of the area) were pyrite completely encapsulated by organic material. In addition, 3 percent of the particles found in coal after leaching were chalcopyrite but all these particles were less than 2 microns in size and represented only 2 percent of the total area. Trace amounts of illite, kaolinite, quartz and goyazite were also found to be completely encapsulated in the coal matrix representing the remaining 8 percent of the particles and 5 percent of the total mineral area. Except goyazite, these minerals are less dense than pyrite and rutile so that they represent even a smaller percentage of the total mineral matter by weight than their area suggests.
-Microprobe Data
Microprobe data for 26 pyrite grains in coal sample are given in Appendix 2. Two to six different points on each grain were analyzed. The average concentration of Fe was 47 ± 1.4 weight percent and the average was 53 ± 1.2 weight percent for S; results expressed on an atomic basis give acceptable soichiometry for Fe$2. Cd is below the detection limit for all analyses and is not shown in Appendix 2. Zn is consistently less than 0.02 weight percent for all analyses. The other six elements (As, Co, Cu, Ni, Pb and Se) show more variability but in general are less than 0.1 weight percent. For two pyrite grains, As concentrations for one or more points were one weight percent or higher. Grain 16 (Appendix 2) was significantly enriched in several trace elements. In addition, As, Ni, Se, and Co were all found to have concentrations of one weight percent or more in spot analyses. Pb concentrations were as high as 0.48 percent and Cu concentrations were 0.15-0.18 weight percent. Concentration maps of this grain as well as the backscattered electron image are shown in figure 2. In backscatter mode ( fig. 2d ) the grain looks like a half of a framboid and is clearly zoned. This zoning is also evident in the elemental maps generated for Se ( fig. 2a) Table 2 ) except for two rounded particles labeled as zircon.
Grain 22 (Appendix 2) also showed high As (1.72 weight percent) for one electron mcroprobe analysis point whereas a second point showed an As concentration of only 0.09 weight percent. For this grain, As showed a significant enrichment, so only its elemental map and the corresponding backscattered electron image are shown in figure 3. One area of the grain is clearly high in arsenic whereas the other areas are much lower in concentration. This As-rich zonation appears on the backscattered electron image as a brighter patch in the lower right portion of the grain. Table 2 gives semi-quantitative estimates of mineralogy based on X-ray diffraction analysis (XRD) of low-temperature ash (LTA) of duplicate samples of the eastern Kentucky coal sample. About 55 to 60 percent of each LTA sample consists of kaolinite, 15-20 percent of each sample is composed of illite and 15 percent, quartz. Bassanite (CaSO4 V2H2O), likely an artifact of the ashing process, constitutes < 5 percent of the LTA and may be formed from calcite (which was detected by SEM but not by XRD) reacting with organic sulfur in the sample. Siderite, hematite, sphalerite, and pyrite, were detected as trace phases (<5 percent) by XRD. Of these minerals, sphalerite, pyrite and an iron oxide (hematite?) were also detected by SEM. Both rutile and anatase (TiO2) were detected by XRD. Anatase was only detected in one of the duplicate samples, but was detected at the 5 to 10 percent level, whereas rutile was found to be less than 5 percent in both of the duplicate samples. The relatively high percentage of anatase found in one duplicate sample and the non detection of anatase in the other duplicate sample suggests that anatase is not homogeneously distributed in the original coal sample. <5 >5<10 <5 <5<5 ? <5<5 QTZ = quartz; KOL = kaolinite; ILL = illite; BAS = bassanite; SID = siderite; ANA= anatase; HEM = hematite; PY = pyrite; SPH = sphalerite; FLD= feldsbar; CHL= chlorite; BOE= boehmite. ? =Trace constituent (< 5 %) that could not be resolved with certainty. Blank entry = not detected. Weight percentages listed are on a low-temperature ash basis. Frank T. Dulong, analyst.
Semi-Quantitative Mineralogy of Low-Temperature Ash
Elemental Analysis Quality Control
in addition to the eastern Kentucky coal sample, CQ, Inc. submitted five b'ind standards for quality control purposes. The Eastern Kentucky coal was chemicall analyzed by multiple techniques. Concentrations of 30 elements were determined by INAA, using techniques described by Palmer (1997) on duplicate sample splits. Results were also obtained by ICP-AES (sinter and acid dissolution procedures; Pnggs, 1997) ICP-MS (Meier, 1997) , hydride generation AA (Se), cold vapor AA (Hg; O'Leary, 1997) and ion chromatography (1C; Gent and Wilson, 1985) on triplicate sample splits at the USGS laboratories in Denver, Colorado. Table 3 shows the average results for 53 elements in the Eastern Kentucky coal sample.
The elemental concentrations of a series of 5 "blind" samples were submitted by CQ, Inc. to various laboratories to determine the comparability of data among laboratories. These samples were determined only by INAA because the limited quantity of sample provided did not allow for our standard ICP-AES and ICP-MS analysis. The first two samples, labeled CQO11202 and CQO111208 appear to be duplicates. There was no significant difference between the samples for any of tt 3 30 elements determined by INAA. The next two samples CQO111211 and CQO111214 are probably different splits of the same sample. The only element that differs frcm the first two samples is Br. The average concentration of Br was determined to be 5^.9 ±1.3 ppm for CQO11202 and 54.6±1.3 ppm for CQO11208 compared to 21.1 ±0.53 for CQO111211 and 21.0±0.53 for CQO111214. All of these samples appear to be snlrts of the eastern Kentucky coal sample analyzed in this study. The Br concentration ir the sample used for this study was 21.0±0.53: the same as CQO111211 and CQO11214. The final blind sample CQO111218 is significantly different than the other four control samples. However, it is not significantly different than the 1632C control sample tvat was run with all of the samples in this study. Certified, recommended, and informational values are given in Appendix 4-2 for each reference sample. These values typically represent the average of values determined by all techniques for a given element. Individual determinations, average values for each technique, and the overall values (which may be weighted averages depending on the reliability of the different techniques for a given element) for each sample are given in Appendix 3, which is color-coded to show the type of analysis for each determina*ion.
Leaching Experiments
Leachate solutions were analyzed by ICP-AES and ICP-MS, and solid residues were analyzed by CVAA (Hg) and INAA. Chemical data for the leachates and the solid residues have been processed to derive the mean percentages of each element leached by each of the four solvents. The calculated percentages were then used as an indirect estimate of the mode of occurrence of individual trace elements in the cot»l sample. The analytical errors were estimated to be ± 2 to ± 25 percent for these data, but errors are generally within ±5 percent, absolute.
Results for the Kentucky coal sample were determined in duplicate leaching experiments. Reproducibility is generally within the expected analytical errors, and is generally better within a given technique than among techniques. Figure 4 shows an example of the duplicate analyses of Co, determined by INAA, ICP-AES, and ICP-MS. Cobalt was not determined by ICP-MS on the whole coal fractions, therefore, the percent leached by ICP-MS is compared to ICP-AES whole coal, which might explain some of the differences of ICP-AES and ICP-MS. The results for each leached fraction agree within 10 percent absolute, but the ICP-MS is consistently higher than the other two techniques. The total amount leached is about 15 percent higher (or the unleached Co is 15 percent lower) as determined by ICP-MS. By averaging the various data for the duplicate individual analysis and rounding to the nearest 5, percent b^st values for each technique are determined. These results are then combined into a single stacked bar by further averaging, giving more weight to more accurate numbers and rounding to the nearest 5 percent to give the "overall best values". Figure 5 shows the overall values for Ca, Mn, Cd, Zn, Pb, Cu and Ba. Th^se results are grouped together because the combined amounts of each of these elements leached by ammonium acetate and HCI are greater than the amount leached by any other solvent. Palmer and others, (1998) have shown that calcite (found in this rample by SEM; table 1) is partially soluble in ammonium acetate as well as being soluble in HCI. They also suggest that other carbonates, especially siderite, may be soluble in ammonium acetate. Mn and Ca have been shown to be primarily associated with carbonates (Palmer and others, 1998) . Mn is also associated with silicates, particularly clays, as 30 percent of the Mn is HF teachable. These results are consistent witr our previous leaching experiments (Palmer and others, 1998) . Forty to fifty percent of the Cd, Zn and Pb are leached by HCI with small amount? of Cd and Zn leached by ammonium acetate. Generally, these elements are associate'! with the monosulfides (galena and sphalerite). We did not identify either of these minerals by SEM in this sample. However, the concentrations of Cd, Zn and Pb are very bw in this sample. Twenty to twenty-five percent of these elements are leached by HNO3 suggesting that these elements also have an association with pyrite. Thirty percent of the Zn was leached by HF; consistent with Zn concentrations in illite and kaolinite found in coal. (Palmer and Lyons, 1996) . Barite (BaSO4) was detected with the SEM. Barite is only partially soluble with HCI, and at most, only about 20 percent of the total Ba dissolved in the HCI coulcf be due to barite, according to solubility data given by Linke (1958) . The remaining H~l-leachable Ba could be due to Ba in carbonate minerals. The ammonium acetatesoluble Ba also suggests that some Ba may be in carbonate minerals. Thirty-five percent of the barium is associated with the silicates (HF soluble), most likely clays (Palmer and others, 1996) and twenty percent is unleached which may be insolub'e barite or organically associated Ba.
The modes of occurrence of Cu are less certain than other elements in this group. Fifteen percent of the Cu is associated with pyrite and and an equal percentage associated with the silicates. Twenty-five percent of the copper is HCI soluble. This copper could exist as copper sulfate minerals many of which are HCI soluble, or copper oxides that are also HCI soluble.
HF leached a greater percentage of the elements shown in figure 6 (Al, Be Cr, Sb, U, Mo, and Co) than any other single solvent, suggesting a silicate association. However, except for Al, 35 to 55 percent of these elements remain unleached suggesting an organic association. In addition, all of these elements (except Al) have small, but significant HCI-soluble fractions. In rocks, Be is generally associated wi "i Al minerals (Goldschmidt, 1954) such as boehmite found to be present in trace amounts by XRD. In previous leaching experiments, Palmer and others, (1998) found that Be is leached mainly by HF in bituminous coal, with significant organic (unleached) Be, whereas, in lower rank coal some Be is also soluble in HCI with much smaller percentage of organic Be.
In the sample investigated in this study, 50 percent of the Be and 100 percent of the Al is HF soluble. Abundant kaolinite and Illite account for the majority of the Al. The presence of HF-soluble Be indicates significant association with the silicates (prot ^bly clays) but the large unleached fraction (45 percent) indicates a significant organic association as well. Palmer and others (2000) suggest that some HCI soluble Be may also be also be organically associated. Data for bituminous coal reported by Palrmr and others (1998) show that 20-65 percent of the Be was insoluble and therefore organically-associated, and less than 20 percent of the Be was soluble in HCI. Querol and Heurta (1998) found nearly all of the Be was organically-associated (based on floatsink procedures) even for samples jointly analyzed by their group and the USGS, which were shown by USGS techniques to have significant silicate association. To date the exact modes of occurrence of Be are unresolved.
Forty-five percent of the Cr in each sample is leached by HF and this Cr is probably associated with illite and mixed-layer clays ( fig. 6 ; Palmer and others, 19^8) . Only 10 percent of the Cr is HCI-soluble and may be associated with Cr oxy-hydrcxides (Huffman and others, 1994 Figure 6 . Leaching results for elements leached primarily with HF. Except for Al these elements have significant unleached portions.
Thirty-five percent of the Sb and U in the eastern Kentucky coal sample is leached by HF indicating a silicate association (clay minerals and zircon). Fifty percent of the Sb and 55 percent of the U is unleached, suggesting that it is organically bound. The percentage of HF leached Sb is higher than in bituminous coal studied previously (10-20 percent), but the portion of unleached Sb is remarkably similar to results from previous studies (Palmer and others, 1998) . The high percentage of organically-bound U is not surprising considering its uptake into the organic matrix in peat swamps (Zielinski and Meier, 1988) , however some of the unleached U may be due to the presence of insoluble zircon in the sample ( fig. 1) Five percent of the Sb and U is HCI-soluble in both samples, perhaps due to Sb and U present in carbonates, iron oxides or chelates. Some of the HCIsoluble U may be in organic chelates increasing the total percentage of organically associated U.
Five percent of the U and 10 percent of the Sb is HNOs soluble. The HNOs soluble U may indicate dissolution of U-bearing phosphates, which may be exposed following HF dissolution of encapsulating silicates. The concentration of U in pyrite is very low (about 1 ppm; Palmer and others, 1996) and U has been found to be HCI soluble after the HF leach (see discussion of Th below). The total Sb concentration is very low, 0.63 ppm, and it is possible that even with the low pyrite concentration in this sample (less than 1 percent), 10 percent of the Sb could be in the pyrite.
Thirty-five percent of the Mo is in HF-soluble silicates, most likely clay minerals. The 35 percent of unleached Mo indicates a significant organic association. Twenty percent of the Mo has a pyrite association and 15 percent was leached by HCI.
Cobalt appears to have mixed modes of occurrence. Results for Co are included in figure 6 because the 20 percent of the Co leached by HF is greater than that leached by HCI (15 percent) or that leached by either HNO3 or Ammonium Acetate (5 percent each). The HF soluble Co is associated with the silicates, probably clay minerals, HCI-and ammonium acetate-soluble Co is probably associated with carbonates, Fe-oxides and/or HCI-soluble monosulfides and the nitric acid soluble Co is associated with pyrite. This leaves 55 percent of the Co unleached, presumably associated with organic matter.
At least 25 percent of each element in figure 7 ( Fe, As, Hg, Ni, Se, and Th) was leached by nitric acid indicating a pyrite association. However, pyrite is not the primary mode of occurrence of all of these elements. This is partly because the total concentration of pyrite is small (on the order of about 0.25 weight percent). Thirty-five percent of the Fe is leached by HF indicating a silicate association. Table 1 shows that illitic clays are abundant with large quartz/clay intergrowths in some cases over 100 mircons in their longest dimension. Energy dispersive analyses of illitic clay particles by SEM show Fe to be a major component of these clays.
Fe oxides identified in SEM pellets (table 1) account for the 20 percent fraction of the Fe dissolved by HCI. Some of this Fe oxide may be due to the oxidation of pyrite. In addition, about 20 percent of the Fe was unleached. SEM examination of the leached solid residue found eight pyrite grains of the 206 grains analyzed (4 submicron framboids, 2-1 micron framboids, 1 subhedral grain 3X5 micrometers in size and 1-10 micrometer framboid, always completely surrounded by organic material). In addition, four particles of chalcopyrite were found ranging from 0.3 microns to 2 microns in their longest dimension. If one assumes that all of the unleached Ti is due to rutile and or anatase then (based on the area of other unleached minerals and appropriate density corrections) approximately 25 percent of the unleached Fe is due to pyrite or 5 percent of the total Fe in the sample and the amount of Fe due to unleached chalcopyrite and kaolinite is much less than 1 percent of the total Fe.
A larger percentage of the As (50 percent) than Fe (25 percent) is leached by nitric acid, indicating that much of the As is in pyrite. About the same percentage of Arsenic as iron was dissolved by HCI. This is consistent with the observation above that some of the Fe oxide may be due to pyrite oxidation. About 15 percent of the original As is in the silicates as determined by the leaching of As by HF. This is consistent with As found in illite (2.35 ppm) and kaolinite (0.52 ppm) by Palmer and others, (1996) . Fifteen percent of the As was unleached suggesting an organic association. However, we calculate that most of the unleached As is due to unleached pyrite or about 5 percent of the total As, so that the remaining unleached (organically associated As) is less than 5 percent.
Seventy percent of the Hg was leached by nitric acid suggesting a strong pyrite association in this coal. Assuming that Hg is homogeneously distributed throughout the pyrite and calculating the amount of unleached pyrite, we calculate that 17 percent of the unleached Hg or about 15 percent of the total Hg is due to unleached pyrite. The remaining 15 percent of the unleached Hg may be organically associated. The total concentration of Hg was 0.15 ppm (table 3) .
Equal percentages (25 percent) of Ni were associated with silicates and pyrite. However, as silicates represent a much larger percentage of the whole coal, the average concentration of Ni in the pyrite is much larger than the concentration in the clays. Ten percent of the Ni is HCI-soluble and may be associated with the Fe-oxides, or associated with carbonates. About 5 percent of the Ni is due to unleached pyrite using the assumptions above, and the remaining 35 percent of the Ni is unleached and is likely organically bound.
Twenty-five percent of the Se was nitric acid soluble and therefore associated with pyrite. An additional 5 percent of the Se may be due to unleached pyrite but the remaining 50 percent of the unleached Se is probably organically associated. Ten percent of the Se was leached by HF (silicate associated; probably clays) and by HCI (may be due to oxidized pyrite).
Thirty percent of the Th is leached by HNC>3 suggesting a pyrite association. However, the HNC>3 leachable Th may be from phosphates shielded by silicates, rather than in pyrite, as the samples in this study have very little pyrite, and concentrations of Th in pyrite have been found to be less than 0.5 ppm (Palmer et al. 1996) . Thorium-bearing minerals such as monazite are detrital, and Figure 7 . Leaching results for selected elements leached to a significant degree by are commonly associated with silicates. Experiments on a high pyrite coal (Palmar et al., 1999) show that 40 percent of the Th was removed by HCI, whereas an addit:onal 20 percent was released by a second HCI leach, conducted following the HF step instead of leaching with nitric acid. The result of the second HCI leaching for this coal is equal to the 20 percent Th leached by nitric acid using the standard leaching protocol, again suggesting tha* nitric acid leachable Th does not necessarily reside in pyrite. Similar results were found for U, but elements generally associated with pyrite such as As and Hg, were not found to be HCI-soluble after the HF leach. The 15 percent of the Th leached by HF, is probably associated with the clays, although some HF leachable Th may be from zircon (detected by SEM). HCI-soluble Th (15 percent) is probably derived from trace amounts of apatite or monazite. Forty percent of the Th remains unleached. Some of this unleached Th could reside in insoluble or partially soluble minerals such as zircon (table 1), or may be organically bound.
Semi-quantitative Modes of Occurrence
Semi-quantitative assessments of each trace-element's modes of occurrence have been determined by combining all of the information available. This include." leaching results, electron microprobe analysis, scanning electron microscopy, X-^ay diffraction analysis and chemical analyses, as well as knowledge of the geocherrical characteristics of each element. Table 4 shows the percentage of 20 elements in each of three or four major phases or minerals. In cases where there is supporting direct evidence for a particular mode of occurrence, the host form of the mineral is given, such as As in pyrite, Zn in sphalerite or Cr in illite. In cases where there is strong geochemical evidence and strong indirect evidence, classes of minerals are given, such as sulfides, silicates, oxides or arsenates. In the remaining cases a descriptor is used, such as HCI-soluble.
Conclusions
The sample of eastern Kentucky coal in this study is lower in pyrite than rrost eastern US bituminous coal. Most of the 14 percent ash yield is due to quartz and clay minerals particularly kaolinite and illite. This leads to higher percentages of elements that are normally chalcophilic associated with the silicates. Greater than 15 percent of 15 of the 20 elements presented in this study were associated with silicates. Only Hg and As were primarily (greater than 50 percent) associated with pyrite.
For 9 of the 20 elements, greater than 40 percent of the original material was unleached. Although some of the unleached material can be accounted for by unleached pyrite, chalcopyrite and other minerals, except for Cu and Ti (not included in this study), the residual minerals represented only a small amount of the unleached element and most of the unleached elements were assumed to be organically associated. Except for Al, all elements had multiple modes of occurrence, although Hg and Ca had only two modes of occurrence. 2  2  2  3  3  3  4  5  6  7  7  8  8  8  9  10  10  11  11  11 0.16 0.13 
Framboid (20) Framboid (20) Subhedral (20x20) Subhedral (30x50) Halfframboid (25) Subhedral (25x70) Framboid (25) Se 0.02 Control samples in Appendix 4-1 were submitted as blind samples. Due to limited sample size elemental concentrations in these samples were determined only by INAA. Elemental concentrations of standard reference material USGS CLEM and certified reference material NIST 1632C (Appendix 4-2) were determined with the samples in Appendix 3 for all techniques. Elemental concentrations of certified reference materials, NIST 1633b and NIST 1632b, were also determined for selected techniques (Appendix 4-2). 
